The retail market share of organic eggs in Denmark is high, and the consumers expect high animal welfare standards in the organic production. Documentation of animal welfare is important, however, knowledge about the associations between animal-based welfare indicators is limited. The aims of the study were to investigate the associations between selected welfare indicators at two ages (peak and end of lay), and to examine the development with age of the chosen welfare indicators. The chosen welfare indicators were Ascaridia galli (roundworm) infection, Heterakis sp. (caecal worm) infection, keel bone damages, back feathering, body feathering, foot damages, comb colour and wounds on the body. An observational study with 12 organic egg farms was conducted in 2012 and 2013 with a total of 214 hens assessed individually at the peak and the end of lay. Insufficient data were obtained on helminth infection at the peak of lay. At the end of lay, all helminth infected hens were positive for A. galli, and only three of them had in addition a Heterakis sp. infection. Foot damages, pale combs and wounds on the body occurred at frequencies <5% and were therefore, together with the prevalence of Heterakis sp. infection, left out of the analysis of associations. A graphical model was used to analyse the associations between the remaining clinical welfare indicators, A. galli infection, housing systems and age of the hens at end of lay. A. galli infection was only directly associated with back feathering at end of lay (P = 0.011) with an increased incidence of A. galli infection in hens with good back feathering. Between the two visits, the prevalence of hens with keel bone damages increased (P < 0.001), and the plumage condition deteriorated (P < 0.001), whereas the number of hens with plantar abscess (P = 0.037) and pale combs (P = 0.020) decreased. No significant differences were found for other foot damages or for skin damage. In conclusion, back feathering at end of lay provided information about a possible helminth infection, but this is not a useful indicator in daily on-farm management. In addition, evidence was found that the deterioration of the plumage condition with age was not only due to accumulation of damage over time.
Introduction
Organic egg production in Denmark has increased by a factor 1.4 in the last decade. In 2013, 18% of the eggs delivered at the packing facilities in Denmark were organic (Anonymous, 2015) . The motivations of the consumers for buying organic products are human health, environmental concerns and animal welfare (Wier et al., 2008) . Thus, the consumers expect higher standards of animal welfare in the organic production compared with conventional production. Management towards improved animal welfare is therefore important, and tools aiding the producers in documenting the level of animal welfare are valuable. One such tool is animal welfare assessment performed using methods like the welfare quality protocol (Welfare Quality, 2009 ) and the animal needs index (Bartussek, 2001 ). Alternatively, one or a few welfare indicators may be assessed depending on the purpose of the assessment. The welfare indicators may be resource-or animal-based. Resource-based indicators are indirect indicators of the welfare of hens collected by examining the physical environment, whereas animal-based welfare indicators are direct measures collected by examining the response of the hen to the environment (Barnett and Hemsworth, 2009 ). Several animal-based welfare indicators have been found to be valid, reliable and feasible for on-farm assessment (Arnould et al., 2009) . Among these are wounds, poor plumage condition, foot and bone damage (including keel bone damage), which all indicate welfare problems that potentially may be present in the organic egg production (Bestman and Wagenaar, 2014) . Attention has just recently been directed to keel bone damages. They seem to be more likely to occur in hens with weaker bones (Fleming et al., 2004) . Keel bone damage is a term covering both keel bone deviations and keel bone fractures. Long-term pressure on the keel bone, especially on poorly designed perches, is one identified factor causing keel bone deviations (Tauson and Abrahamsson, 1994; Pickel et al., 2011) , whereas keel bone fractures are likely to be caused by collision with housing equipment or other hens (Freire et al., 2003; Sandilands et al., 2009; Stratmann et al., 2015) .
Another welfare problem that has received increasing attention in recent years by the poultry sector and producers in Denmark is helminth infections (Hinrichsen et al., 2015) . In the organic system, hens are kept in floor (single-tiered) or aviary (multi-tiered) systems, where 1/3 of the indoor area has to be solid and littered, with a maximum stocking density of six hens per square metre and where access to an outdoor area of four square metre per hen is required (Anonymous, 2008) . Access to litter and an outdoor area are both potential sources of helminth infections, although litter seems to be of minor importance compared with outdoor access Maurer et al., 2009) . Compared with barn systems and conventional cages, the prevalence of helminth infections is higher in organic systems (Permin et al., 1999) , and the most dominating helminth species are Ascaridia galli (roundworm) and Heterakis sp. (caecal worm; Permin et al., 1999; Sherwin et al., 2013) . Clinical welfare problems often depend on the age of the hens. For example, the prevalence of helminth infections increases with increasing age of the hens (Pennycott and Steel, 2001) . Furthermore, the prevalence of keel bone damages and plumage damage increases with increased age of the hens (Nicol et al., 2006; Drake et al., 2010; Richards et al., 2012) .
Knowledge about the associations between the welfare problems related to helminth infection, plumage condition, keel bone damages, skin, comb colour and feet is limited, and age of the hens is likely to affect the level of the welfare problems. If associations exist, time spent, for example by producers, on assessment of welfare may potentially be reduced. Therefore, a study collecting data on helminth infection and clinical welfare indicators at two ages (peak and end of lay) was conducted. The aim of this study was twofold. The first aim was to investigate the possible associations between selected welfare indicators at two ages (peak and end of lay). The second aim was to examine the development with age of the chosen welfare indicators. The chosen welfare indicators were A. galli (roundworm) infection, Heterakis sp. (caecal worm) infection, keel bone damages, back feathering, body feathering, foot damages, comb colour and wounds on the body. The hypothesis of this study was that helminth infection (A. galli and Heterakis sp.) diagnosed at the end of lay was associated with welfare indicators at the peak of lay and end of lay. The ability to predict will be valuable to producers, especially if the prediction is based on a low-cost method.
Material and methods
A study including 15 Danish commercial organic egg farms was conducted from August 2012 to December 2013. The producers were recruited based on voluntary participation by approaching all organic egg-producers registered in the Danish Central Husbandry Register by letter and phone calls. All the producers that expressed interest in the project were included in the study under the condition that the hens were 32 weeks of age no later than by February 2013 in order to finalise data collection during 2013. Each producer participated with one flock. Three flocks were excluded from the study due to incomplete data collection. Thus, the data presented originate from 12 flocks ( Table 1 ). The flock size was 3000 hens, with the exception of one flock that consisted of 2140 hens. Each flock was visited twice; the first visit was between 30 and 38 weeks of age, named peak of lay, and the second visit was in the week before culling (from 62 to 77 weeks of age), named end of lay. The housing system, hybrid, age at the visits and number of included hens per farm are presented in Table 1 . During the peak of lay visit, 100 randomly selected hens from each flock were tagged with brightly coloured numbered plastic leg bands and clinically examined as described below. Before being released back into the flock, they were placed in a cardboard box for~30 min. Any faecal samples deposited in the box was collected and frozen for later examination of parasitological content.
Of the original 100 tagged hens per flock 11% to 21% was relocated at the end of lay visit, resulting in a total of 214 hens ( Table 1 ). The relocated tagged hens underwent a second clinical examination and were then killed by neck dislocation and stored at −18°C until later examination. Each tagged hen was given a unique identification number based on the numbered band and farm of origin.
The clinical examination was performed according to the scoring protocol developed by participants from eight European countries in the Core Organic project Healthy Hens (Table 2 ; CORE organic HealthyHens project, 2014). The protocol contains only animal-based welfare indicators and they are closely related to those used in the Welfare Quality protocol. The clinical examination was performed by the Hinrichsen, Riber and Labouriau same two trained observers working together on each hen and included scoring of plumage, keel bone, skin, feet and comb colour of each hen. The keel bone damages were examined by palpation, performed by running two fingers down each side of the keel bone and both vertical and horizontal deviations were scored. At the postmortem examination, faecal samples were collected from the cloaca after thawing, and a faecal egg count was obtained using the concentrate McMaster technique (Permin and Hansen, 1998 ) with a sensitivity of 20 eggs per gram (EPG) faces. A pilot study on two farms had revealed that the prevalence of infected hens diagnosed from fresh and frozen faecal samples, respectively, only differed with 7 to 9 percentage points (incidences were above 50%) for what reason it was decided that it was acceptable to use frozen faecal samples. The faecal samples were weighed and the amount of flotation fluid (500 g glucose monohydrate/1000 ml saturated NaCl solution, specific 138 gravity of 1.27 g/ml) added to the sample was adjusted according to the amount of faecal material (1.0 g of faecal material and 14 ml flotation fluid). All eggs in the samples were identified using morphology, but A. galli and Heterakis sp. eggs have a similar appearance and size and were therefore not separated. Faecal egg count is the detection method normally used in relation to on-farm management of helminth infection under Danish conditions, which was why the decision was made to use the EPG levels for the classification of infection status. To investigate the correlation between faecal egg count and worm count, we also investigated the intestines in all hens for the number of A. galli and Heterakis sp. worms (both the subadult and adult stages). This was done by opening the intestines along their entire length with a pair of scissors. For A. galli the content of the small intestine was spread on a tray and the mucosa was washed gently with tap water to In total, 214 hens were included.
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Hens in this flock were culled later than 1 week after the visit. , Elanco Animal Health A/S, Herlev, Denmark) at the recommended dose; three farms devormed one time, one farm twice and one farm three times. The deworming was done between 11 and 40 weeks before the end of lay visits.
Data management Body feathering, that is the summed plumage scores for tail, neck and belly, was assessed according to the median score for the peak of lay and the end of lay visits, respectively. For the peak of lay visit, the median score was 12 (equal to the best score for all three body parts) implying that a score of 12 defined a good body feathering at the peak of lay. At the end of lay, the median score was 9 implying that a score ⩾ 9 defined a good body feathering at the end of lay. At the end of lay, the median score was equal to the criteria for poor plumage used by Tauson et al. (2005) . Back feathering, that is plumage condition at the back, was assessed as poor if the score was ⩽ 2 and good if the score was ⩾ 3 based on the definition by Tauson et al. (2005) .
With regard to the keel bone condition each hen was classified as either having keel bone damages, that is the hens had fractures and/or deviations, or as having a normal keel bone, that is the hens had no deviations or fractures. In the analysis on foot pad lesions data on presence of small and large lesions were pooled. A similar procedure was used for wounds on the back and belly.
Regarding the analysis of helminth infection, each hen was classified as infected with A. galli when the hen had an EPG value over 100 or otherwise as non-infected with A. galli as suggested by Heckendorn et al. (2009) . Due to very few hens found infected with Heterakis sp. in the worm count, it was assumed that the EPG value was mainly due to presence of A. galli. The number of faecal samples collected during the peak of lay visit from the tagged hens relocated at the end of lay was too few for analysis to be conducted. Deworming was not taken into account in the analysis, because the treated flocks received deworming >11 weeks before the end of lay visit; a previous study has shown that the parasite egg output from A. galli in the faeces typically reappear 2 to 4 weeks after deworming (Höglund and Jansson, 2011) .
Statistical analysis
The differences between prevalence of the clinical welfare indicators at the peak of lay and the end of lay visits were analysed using the Fisher's exact test. The associations between clinical welfare indicators with at least a 5% prevalence at the peak of lay and the end of lay, occurrence of A. galli infection, age at the end of lay and housing system were studied using graphical models (Whittaker, 1990; Lauritzen, 1996; Labouriau and Amorim, 2008) . A binary presentation (presence/absence of an indicator) of the parameters included in the model was chosen to keep the graphical model as simple as possible.
In graphical models, the variables examined are represented by vertices in a graph, that is a collection of vertices (points) and edges connecting the vertices (lines). Two vertices (i.e. two variables) are connected by an edge (line) when the conditional correlation between them, given all the other variables, is different from zero. The absence of an edge joining two variables indicates that the two variables are not significantly correlated given the other variables. According to the theory of graphical models (Whittaker, 1990; Jørgensen and Labouriau, 2012) , two variables are directly connected in the graph if, and only if, they carry information on each other that is not already contained in the other variables included in the model. If two variables are only connected indirectly in the graph, that is two variables that are included in the graphical model but not directly connected by an edge, then the variables may be correlated, but this correlation would be spurious in the sense that it could be completely explained by a cascade of correlations with the other variables. The graphical model representing the joint distribution of the selected welfare indicators and the helminth infection (A. galli and Heterakis sp.) was inferred by finding the graphical model that minimises the Bayesian information criterion as implemented in the R package gRapHD (Abreu et al., 2010) . This inference procedure has optimal properties (see Haughton, 1988) . Confirmatory analyses were performed using a Monte Carlo version of the Fisher's exact test with 1 000 000 Monte Carlo samples.
Results
Of the originally 1200 tagged hens, 17.8% were assessed both at the peak of lay and at the end of lay. An increased prevalence of poor plumage and keel bone damages was found at the end of lay compared with the peak of lay (Table 3 ; P < 0.001). In contrast, the occurrences of plantar abscess (bumble foot) and pale combs decreased significantly between the two visits (Table 3; P < 0.05).
Regarding the helminth infection, the worm count showed that the hens classified as infected by the faecal egg count were all positive for A. galli, and in addition three of them also had a Heterakis sp. infection. Furthermore, 25.7% of the hens were infected with Emeria sp. and 12.6% with Capillaria sp. A total of 15 hens (7%) classified as non-infected by the faecal egg count had worms present in the intestines. The faecal egg count was correlated with the worm count of A. galli (Spearman rank correlation coefficient; r = 0.73). Figure 1 shows the representation of the graphical model describing the associations between keel bone damages, Hinrichsen, Riber and Labouriau back feathering, body feathering, housing condition, age and A. galli infection. The only variable found to be directly connected to A. galli infection was back feathering at the end of lay. Thus, A. galli infection and back feathering at the end of lay were conditionally correlated given the other variables and, moreover, none of the other variables were conditionally correlated to A. galli infection. This indicates that all the information that the other welfare indicators may carry on A. galli infection was already contained in the variable back feathering at the end of lay. A Fisher exact test indicated that A. galli infection and back feathering at the end of lay were directly associated (see Figure 1 ; P = 0.011). The direction of this association was that 61.6% of hens with good plumage condition on the back were infected with A. galli, and 38.0% of hens with poor plumage condition on the back were infected with A. galli. Furthermore, as shown in Figure 1 , back feathering at the end of lay was directly connected to housing system, back feathering at the peak of lay and body feathering at both the peak and end of lay. Poor feather condition at the back at the peak of lay and at the body at the peak or end of lay increased the risk of a poor back feathering at the end of lay. The housing system was Poor plumage condition at the back was equal to a score ⩽ 2.
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Poor plumage condition at the peak of lay: score ⩽ 11 and at end of lay: score ⩽ 8.
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Total prevalence of keel bone deviation and/or fractures. ns P > 0.05, *P < 0.05, ***P < 0.001. Figure 1 Representation of the graphical model showing the conditional correlations (edge (line) between two vertices (points representing the variables)) between the variables back feathering (Back feather), body feathering (Body feather) and keel bone damages (Keel bone) at the peak of lay (peak) and the end of lay (end), incidence of Ascaridia galli infection at the end of lay (A. galli), age at the end of lay (Age) and housing system (System). Hens were determined as infected or non-infected based on faecal egg count, with infected hens having an EPG over 100 and non-infected an EPG under 100. The level of significance for the direct association between two variables is presented in brackets below or beside the line. EPG = eggs per gram.
Welfare indicators in organic layers directly connected to age, keel bone damages at the end of lay and to back feathering at the peak and end of lay. Hens from multi-tiered systems had a higher prevalence of keel bone damages than hens from single-tiered systems (52.6% and 20.4%, respectively). In addition, hens from multi-tiered systems had a lower prevalence of poor plumage condition on the back compared with hens from single-tiered systems both at the peak of lay (0% v. 10.8%) and at the end of lay (15.8% v. 26.1%). Further, the end of lay visit was conducted at a higher age in multi-tiered systems compared with singletiered systems (mean 75 v. 70 weeks of age). Age at end of lay was only directly associated with housing system. The clinical welfare indicators assessed at the end of lay were all directly connected with the corresponding clinical welfare indicator at the peak of lay (Figure 1) . Thus, each pair of variables, representing the same welfare indicator, carried information on each other that was not already contained in the other welfare indicators. Furthermore, housing system separated keel bone damages from the other welfare indicators, indicating that keel bone damages were conditionally independent of the other welfare indicators given the housing system.
Discussion
Association between the welfare indicators Our results provided evidence of an association between incidence of A. galli infection and back feathering at the end of lay with an increased incidence of A. galli infection in hens with a good plumage condition on the back. Moreover, the association was retained even after controlling for the possible effects of the other measured variables. This implies that the other welfare indicators considered did not carry any information about A. galli infection that was not already contained in the variable back feathering at the end of lay. Thus, the association reported was not a mere artefact of a complex composition of effects of the other welfare indicators. Moreover, when discussing the association between the clinical welfare indicators and A. galli infection it suffices to consider the association between A. galli infection and back feathering condition at the end of lay. Ramadan and Abou Znada (1991) reported that helminth infected broilers showed ruffled feathers, and Green et al. (2000) reported an increased risk of feather pecking in flocks infected with intestinal worms. Feather pecking may result in plumage damage (Bilcik and Keeling, 1999; Tauson et al., 2005) . Thus, previous studies have also found an association between feather condition and helminth infection. A plausible explanation for the reported association between A. galli infection and back feathering is that both A. galli infection and back feathering are associated positively with use of the outdoor area. Indeed, Green et al. (2000) also found feather pecking to be increased in flocks with poor outdoor use. Similarly, other previous studies have shown that the higher number of hens observed outside during scan samples, the better plumage condition of the flock (Lambton et al., 2010; Bestman and Wagenaar, 2014) . As the outdoor area is a potential source of helminth infections ), a higher use of the outdoor area may in addition to improvements of the plumage condition also induce a higher risk for helminth infection. If the reducing effect on feather pecking gained by a higher use of the outdoor area is greater than the increasing effect on feather pecking caused by helminth infection, the result may be that hens with a high use of the outdoor area have a higher incidence of both helminth infection and good back feathering. This is of course highly speculative, that is further investigation of the association between back feathering and the incidence of A. galli infection is required to separate cause and effect.
Housing system and age at the end of lay were associated with a higher end of lay age in multi-tiered systems compared with single-tiered systems. This does not provide evidence that the age at depopulation was significantly different in the two housing systems, as two single-tiered farms were visited earlier than the last week before depopulation. Nevertheless, the end of lay visit was conducted at a younger age in single-tiered systems. This may have influenced the prevalence of hens with a poor plumage condition and with keel bone damages, as the prevalence of these variables increases with increasing age of the hens (Drake et al., 2010; Richards et al., 2012 ). An increased incidence of keel bone damages was indeed found in multi-tiered systems in the present study, which may be related to the higher mean age at the end of lay in the multi-tiered systems compared with single-tiered systems. Supporting this suggestion, Bestman and Wagenaar (2014) found no relationship between keel bone damages and whether the housing system was single-tiered or multi-tiered. However, others have found differences between housing systems with increasing complexity instigating higher occurrence of keel bone damages (Wilkins et al., 2011; Riber and Hinrichsen, accepted 1) . Our results showed that keel bone damages were related to a casual path not including the other welfare indicators, as housing system separates keel bone damages from the other variables.
Back feathering, both at the peak and end of lay, and housing system were associated; an increased deterioration of the plumage condition on the back was found in singletiered systems compared with multi-tiered systems. As the hens at the end of lay were younger in the single-tiered system, this association cannot be explained by an increased accumulation of the welfare problem with age. However, interpreting the effects of housing system in the present study should be done with caution as only three of the 12 farms involved had multi-tiered systems. Riber and Hinrichsen (accepted 2) found a tendency for 62 weeks old hens in multi-tiered barn and organic systems to have a poorer plumage than hens in single-tiered systems. In contrast, Häne et al. (2000) found no difference in the plumage condition between multi-tiered and single-tiered systems (with permanent access to littered area) for hens between 50 to 70 weeks of age. The discrepancy is likely to Hinrichsen, Riber and Labouriau be due to differences in the conditions laying hens are kept under in the countries involved in the two studies (i.e. Denmark and Switzerland). In addition, changes in the design of production systems, management guidelines and in genetic composition of the strains used may potentially explain the different results between studies conducted 15 years apart.
Development of welfare indicators with age All clinical welfare indicators at the end of lay were associated with the same clinical welfare indicators at the peak of lay. This suggests that a welfare problem may be caused by the same common causal mechanisms irrespective of age. Alternatively, a welfare problem may accumulate over time, and thereby the prevalence of the problem may increase with age. These two possibilities are not necessarily mutually exclusive in the sense that they may both be present for a given welfare indicator, and they are not exhaustive in the sense that other more complex situations may occur. An example of this is the association between the back feathering at the peak and at the end of lay. Back feathering at the end of lay separated back feathering at the peak of lay from the variables body feathering and A. galli infections. This indicates that the condition of the plumage on the back at the end of lay was not only a result of accumulation over time, but that other factors besides increasing age also affected the plumage condition.
Previous studies have reported an increased prevalence of welfare problems with increasing age of the hens. This is the case for keel bone damages (Fleming et al., 2004; Richards et al., 2012) and plumage condition (Nicol et al., 2006; Drake et al., 2010) . Damage to the plumage of pullets has been reported as a predictor for plumage condition in the laying period (Drake et al., 2010) . The present study provides evidence that the plumage condition at the peak of lay can be a predictor for plumage condition at the end of lay. Our results show that back feathering at the end of lay can be predicted by both body and back feathering at the peak of lay. The plumage condition was separated into back and body featherings as the cause of the plumage damage on the back and body (tail, belly and neck) is different. Plumage damage to the back is usually related to feather pecking (Tauson et al., 2005; Welfare Quality, 2009 ) and is often the first area to become denuded in flocks expressing feather pecking (Bilcik and Keeling, 1999) . The belly is also one of the first areas to become denuded (Bilcik and Keeling, 1999) . However, this is often due to abrasion and is frequently seen in highly productive hens (Kjaer and Sørensen, 2002; Welfare Quality, 2009) . Abrasion can also cause plumage damage on the neck and tail feathers (Bilcik and Keeling, 1999; Welfare Quality, 2009) .
The prevalence of hens with pale combs and plantar abscess (bumble feet) decreased between the peak of lay and the end of lay. However, these results should be interpreted with caution as the number of hens categorised with pale combs and plantar abscess was low both at the peak and the end of lay. In contrast, there was an increase in the prevalence of hens with keel bone damages as well as poor plumage condition on the body and back between the visits. This is in agreement with previous studies (Drake et al., 2010; Richards et al., 2012; Riber and Hinrichsen, accepted 1,2) .
Prevalence of welfare indicators Bestman and Wagenaar (2014) reported that 32% of the examined hens in commercial organic flocks were in a poor plumage condition at 50 to 60 weeks of age, which is fewer than found in the present study. In the same study by Bestman and Wagenaar (2014) , 21% of the hens had keel bone damages, a level similar to the prevalence of keel bone damages found in the present study. Similarly, another study in Denmark recently reported low prevalence of keel bone damage compared with other European countries (e.g. Nicol et al., 2006; Wilkins et al., 2011) , which is thought to be related to differences in limestone supply (Riber and Hinrichsen, accepted 1) .
The prevalence of hens with A. galli infection was in accordance with a previous report . Other studies report the percentages of the flocks in the study being infected (>80%; Pennycott and Steel, 2001; Sherwin et al., 2013; Bestman and Wagenaar, 2014) . Prevalence of infected flocks and prevalence of infected hens are likely to be related but not directly comparable, as flock prevalence is the percentage of flocks that are infected based on the infection status of each of the flocks, while the prevalence of hens is the percentage of infected hens of the total hens investigated irrespectively of flock of origin.
Conclusion
In conclusion, back feathering at the end of lay was found to provide information about the likelihood of helminth infection at end of lay. We speculate whether high use of the outdoor area may cause a higher incidence of both helminth infection and good back feathering. To elucidate this further investigation of the association between back feathering and the incidence of A. galli infection is required. Unfortunately, no associations were found between any of the clinical welfare indicators at the peak of lay and helminth infection at end of lay. Back feathering at the end of lay is not a useful indicator in daily on-farm management practices of helminth infection. Finally, this study presented evidence that the deterioration of the plumage condition with age is not only due to accumulation of damage over time.
